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The first direct in situ measurements of HO2NO2 in the upper troposphere were 

performed from the NASA DC-8 during ICARTT-INTEX-NA 2004 with a chemical 

ionization mass spectrometer (CIMS). These measurements provide an independent 

diagnostic of HOx chemistry in the free troposphere and complement direct observations of 

HOx, due to its dual dependency on HOx and NOx. On average, the highest HO2NO2 mixing 

ratio of 76 pptv (median = 77pptv, σ = 39 pptv) was observed at altitudes of 8-9 km. 

HO2NO2 levels were lower above and below this altitude. Simple steady state calculations 

of HO2NO2, constrained by measurements of HOx, NOx and J values, are in good 



agreement (slope = 0.90, R2 = 0.60 z = 5.5-7.5 km) with measurements in the mid 

troposphere where thermal decomposition is the major loss process. Above 8 km these 

calculations are in poor agreement with observed values (R2= 0.20) and are typically larger 

by a factor of 2.4. Conversely, steady state calculations using model derived HOx show 

reasonable agreement with the observed HO2NO2 in both the mid troposphere (slope = 0.96, 

intercept =7.0, R2 = 0.63) and upper troposphere (slope = 0.80, intercept = 32.2, R2 = 0.58). 

Potential reasons for the model/measurement discrepancies are investigated.   



1. Introduction 

Pernitric acid (HO2NO2) is formed in the atmosphere by an association reaction that 

couples the HOx and NOx families [Niki et al., 1977]: 

HO2 + NO2 + M ↔ HO2NO2 + M   R1, R-1 

The thermal decomposition of HO2NO2 R-1 is a strong function of temperature with the 

lifetime for this process varying between approximately 20 seconds and 8 hours over the 

altitude range of 0 to 8 km. Consequently, at lower and mid latitudes, HO2NO2 is only 

expected to build up to significant concentrations in the upper troposphere; where 

photolysis and reaction with OH are expected to be the dominant loss processes. 

HO2NO2 + hv → Products           R2 

OH + HO2NO2 →H2O + NO2 + O2      R3 

The potential impact of HO2NO2 on upper tropospheric photochemistry (z = 8-12 

km) has been discussed by several investigators [Brune et al. 1999; Wennberg et al. 1999; 

Faloona et al. 2000]. In particular, Jaeglé et al. [2000] noted the importance of HO2NO2 as 

a HOx sink at intermediate levels of NOx (100 - 500 pptv) via R3. However, these studies 

were unconstrained by observations of HO2NO2. The only previous direct measurements of 

HO2NO2 are in the South Pole boundary layer during Austral Summer 2000 and 2003 



[Slusher et al., 2002; Sjostedt et al, 2004]. These results demonstrated the HO2NO2 was 

present in significant levels (on average 25 pptv in 2000; 42 pptv in 2003) and could be the 

dominant sink for HOx via deposition to the snowpack and R3. The only in situ airborne 

HO2NO2 data was obtained during the TOPSE campaign from the NCAR C-130 at latitudes 

of 0 to 7 km. Murphy et al. [2003] derived levels of HO2NO2 + CH3ONO2 from their sum 

of peroxy nitrates channel (ΔPN) by subtracting independent measurements of peroxy acyl 

nitrates (PANs). Analysis of this data demonstrated the importance of the overtone 

photolysis channels as a loss mechanism for HO2NO2 [Roehl et al, 2002; Wennberg et al, 

1999]. Observations of pernitric acid by remote sensing have been reported but are 

confined to the stratosphere [Rinsland et al., 1996; Sen et al., 1998]. 

Here we present the first direct in situ observations of HO2NO2 in the upper 

troposphere. These measurements were performed in the summer of 2004 with a chemical 

ionization mass spectrometer from the NASA DC-8 during the Intercontinental Chemical 

Transport Experiment-North America (INTEX-NA) field experiment. The INTEX-NA 

study sought to characterize and investigate the transport and transformation of both aerosol 

and gas-phase species over large spatial scales and altitude ranges. Flights were based out 

of California, Illinois, and New Hampshire. The sampling domain included much of the 



U.S., parts of Canada, and areas off the eastern and western coasts of North America. A 

detailed description of the DC-8 payload and the INTEX-NA campaign is presented by 

Singh et al., [this issue]. In this work the our understanding of the chemistry of HO2NO2 

over the altitude range 4-12 km is investigated by comparison of observations with highly 

constrained steady state calculations and photochemical models  

2. Methods 

2.1 Instrumentation 

The instrument used to measure HO2NO2 and SO2 from the NASA DC-8 during 

INTEX-NA is nearly identical to that described by Slusher et al. [2004]. The instrument 

comprises an inlet, a flow tube ion molecule reactor, a collisional dissociation chamber 

(CDC), an octopole ion guide and a quadrupole mass spectrometer as shown in Figure 1. 

Briefly, SF6
- ion chemistry is utilized to selectively ionize HO2NO2 and SO2 (R4 and R5) in 

the CIMS [Slusher et al., 2001; Huey et al., 1995; Huey et al., 2004].  

SF6
-   +   HO2NO2    →   NO4

-(HF)   +   SF5  R4 

SF6
-   +   SO2   →   F2SO2

-   +   SF4 R5 

Air was delivered to the CIMS through an all perfluoroalkoxy Teflon inlet (i.d.= 0.95 cm, 

length= 80 cm) maintained at a constant temperature of 298 K. A flow of more than 5 slpm 



was maintained in the inlet to minimize both the gas residence time (t<0.57sec) and wall 

interaction. The sampled air was periodically scrubbed of both HO2NO2 and SO2 with an 

activated carbon filter. The sensitivity of the instrument to SO2 was continuously monitored 

by the addition of isotopically labeled calibration gas (850ppbv ± 9.2%) [e.g. Bandy et al., 

1993]. A typical example of the raw CIMS data is shown in Figure 2. The sensitivity of 

HO2NO2 relative to SO2 was assessed post mission by a series of laboratory tests over the 

pressure and humidity conditions encountered on the DC-8. These tests demonstrated that 

the relative sensitivity of the instrument of HO2NO2 to SO2 was nearly identical to the ratio 

of the rate constants for reactions R4 and R5 [Slusher et al.2001]. The estimated 

uncertainty for HO2NO2 levels well above detection limit was typically 30% with a 

detection limit of less than 5 pptv for a one minute integration at altitudes greater than 3 

km .The methods used to obtain HOx, NO2, and J values during INTEX-NA have been 

described in detail elsewhere [Brune et al; Bertram et al; Shetter and Müller 1999].   

 

  2.2 Calculations 

HO2NO2 levels were estimated, assuming steady state, from the following equation. 
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The rate constants for these calculations are taken from Christensen et al., [2004] for k1, 

Sander et al. [2003] for k-1 and Jiménez et al., [2004] for k3. The NO2 mixing ratios and the 

photolysis rate in the ultraviolet region were constrained by observations. Actinic fluxes in 

the near infrared were not measured during this campaign leaving the overtone photolysis 

rate unconstrained. For this reason, the overtone photolysis rate was estimated to be 10-5 

sec-1 [Murphy et al. 2003; Roehl et al., 2002; Wennberg et al, 1999]. Pernitric levels were 

calculated using both observed ([HO2NO2 ]ss,obs) and model predicted ([HO2NO2 ]ss,mod) 

levels of OH and HO2. Model predicted HOx levels were obtained from the NASA-Langley 

photochemical box model which was highly constrained to observations of photolyis rates 

and the concentrations of long lived species (e.g. NO2, O3, CO, etc.) [Olson et al., 2004; 

Crawford et al., 1999]. 

 Time dependent model calculations are also performed to assess the deviation of 

HO2NO2 from steady state for typical upper tropospheric condition where its lifetime is of 

the order of five hours (Figure 3). This method assumed an initial injection of NOx into the 

upper troposphere and followed its temporal evolution and oxidation over the course of 

several days in one minute time steps. Short lived species such as radicals were predicted 



using the steady state assumption and the chemical scheme of Faloona et al [2000]. Longer 

lived species such as CO were held at median observed values. The chemical species and 

how they were treated in the model are listed in Table 1. All photolysis rates were 

calculated with the TUV 4.1 model (http://cprm.acd.ucar.edu/Models/TUV/) and rate 

constants were taken from the JPL evaluation version 14 [Sanders et al., 2003].   

 

3. Result and Analysis 

All reported data and analyses are based on a one minute average merged data set 

(ftp://ftp-air.larc.nasa.gov/pub/INTEXA/DC8_AIRCRAFT/). The median observed 

HO2NO2 altitude profile for the INTEX-NA mission is presented in Figure 4 and the 

statistics of the vertical distribution are reported in Table 1. Median steady state 

calculations of HO2NO2 based on both observed and model predicted HOx are also graphed 

in Figure 4. The observed HO2NO2 mixing ratio profile shows a maximum of ~75 pptv 

between 8 and 9 km. Pernitric acid mixing decrease below this altitude as expected due to 

enhance thermal dissociation rates. Above 10 km levels decrease primarily due to a 

weakening of the source strength. The mean concentration of pernitric acid in the upper 

troposphere (8 ~ 12 km) is 67±37 pptv (2467 data points, 1σ). This value is in reasonable 



agreement with constrained calculations of mean HO2NO2 values of 55 ± 30 pptv from the 

SONEX campaign, a previous DC-8 mission [Talbot et al., 1999]. However, it should be 

noted that SONEX took place north of INTEX in the Fall (October through November, 

1997) [Singh et al., 1999]. 

In the mid troposphere (4km - 8km) both of the calculated profiles are in 

reasonable agreement with observations (Figure 4). This is more clearly illustrated in 

Figure 5 which presents scatter plots of the steady state calculations versus observations. 

The calculations base on observed HOx (Figure 5a, R2= 0.60, slope = 0.90, intercept = 0.4 

pptv ) and on model predicted HOx (Figure 5b, R2= 0.63, slope = 0.96 intercept = 7.0 pptv) 

are both well correlated to the observations. The median ratios for the calculations relative 

to the observations are 0.8 for observed HOx and 1.1 for model predicted HOx. This level of 

agreement is well within the 30% error bar of the HO2NO2 measurement alone. These 

results indicate that our understanding of the chemistry of HO2NO2 is very good in this 

region, where thermal decomposition dominates the lifetime (Figure 3). Very similar results 

were also derived using k-1 from the recent work of Gierczak et al., [2005]. Correlations 

between calculations and observations were essentially identical with calculated values 

rising by a factor of 1.5. 



In the upper troposphere (8-12 km) the agreement between the steady state 

calculations and observations is not as good as at lower altitudes. The HO2NO2 calculations 

based on model predicted HOx are still highly correlated with the observations (Figure 6b, 

R2=0.58, slope = 0.80, intercept = 32.2 pptv) but with a significant offset that yields a 

median ratio of calculated to observed of 1.3. Conversely, the correlation between HO2NO2 

calculations based on observed HOx and observations is significantly weaker (Figure 6a , 

R2=0.20, slope = 1.38, intercept = 72.4 pptv) with a median ratio of calculated to observed 

of 2.4. These results indicate that our ability to predict HO2NO2 with simple steady state 

models at higher altitudes, where its lifetime is longer and controlled by photochemical 

processes (Figure 3), is not as good as at low altitudes. There is also a clear discrepancy 

between upper tropospheric HOx observations and predictions, with the pernitric 

observations more in accord with the photochemical model results. 

At altitudes above 8 km the photochemical model over predicts OH by roughly a 

factor of two and under predicts HO2 by roughly a factor of two relative to the observations 

[reference Ren et al.?]. This gives an even larger discrepancy between the measured and 

predicted HO2 to OH ratio. At higher altitudes where thermal decomposition of pernitric is 

negligible the ratio of HO2NO2 to NO2 would be expected to have a reasonable correlation 



to the ratio of HO2 to OH .This is evident from equation 1 for those conditions where 

reaction with OH (R3) is the dominant loss. For most conditions the HO2NO2 loss due to 

photolysis and reaction with OH are of similar magnitudes. However, the correlation 

between [HO2]/[OH] and [HO2NO2]/[NO2] should still be significant due to the dependence 

of OH levels on photolysis rates. A strong correlation (R2 = 0.7) is observed between model 

predicted [HO2]/[OH] (Figure 7a) and observed [HO2NO2]/[NO2], however, the correlation 

decreases significantly with observed HOx (Figure 7b, R2=0.3).  

A potential problem with the SF6
- CIMS system for measurement of HO2NO2 is a 

positive interference due to high ozone levels [Slusher et al., 2001]. This potential effect 

was investigated during the INTEX mission by examining the relationship of observed 

HO2NO2 with O3. Figure 8 plots observed HO2NO2 versus O3 in the altitude range of 8.5 – 

9.5 km (i.e. highest HO2NO2) for both periods of when the air was primarily of 

tropospheric (O3<150 ppbv, H2O>120ppmv) and stratospheric origin (O3>200 ppbv, 

H2O<100ppmv). There is a moderate correlation (R2=0.33) between pernitric acid and 

ozone at lower ozone levels for the tropospheric air masses. At the higher ozone levels in 

the stratospherically influenced air masses there is essentially no correlation. This indicates 

that O3 at levels of up to 250 ppbv don’t give a significant interference to the HO2NO2 



measurement. The correlation between ozone and HO2NO2 in the tropospheric air masses is 

likely due to ozone production via the reaction of HO2 with NO which is closely related to 

pernitric formation (R1). This suggests that HO2NO2 in this altitude range may be a good 

marker for ozone production. 

 

4. Discussion 

At altitudes below 7.5 km there is good agreement between measurements of HOx, 

NOx, HO2NO2, and our understanding of photochemistry as embodied in the photochemical 

model predictions. The thermal decomposition rates derived from Sander et al. [2003] and 

Gierzcak et al. [2005] are both in reasonable agreement with the lower altitude observations. 

The slower decomposition rate derived from Gierzcak et al. [2005] does leads to over 

prediction of observed HO2NO2 by 30 to 50%. However, this agreement is within the 

combined error bars of the HOx, NOx and HO2NO2 measurements. These results indicate 

that the uncertainty in the HO2NO2 lifetime due to the thermal decomposition rate, k-1, is 

less than a factor of two. 

Above 8 km the observations of HOx and HO2NO2 are less compatible with our 

understanding of photochemistry. The results indicate that HO2NO2 loss rates are 



underestimated or that steady state calculations are problematic in this altitude range and 

the agreement between be model HOx calculations and observed HO2NO2 is fortuitous. For 

this reason, we have investigated potential loss processes, reassessed our estimate of 

overtone photolysis rates, and performed time-dependent photochemical calculations to 

assess the magnitude of deviation from steady state.  

Pernitric acid could be lost by heterogeneous loss or uptake in the upper 

troposphere on either background sulfate aerosol or cirrus clouds [Li et al., 1996]. However, 

we found no evidence for a relationship between aerosol surface area densities and 

HO2NO2 levels indicating that reaction on sulfate aerosol is not an important loss process. 

Evaluating the impact of cirrus clouds on pernitric acid levels is more problematic due to 

their relatively short lifetime (~1 hour). There were a few flight legs during the campaign 

that the DC-8 sampled in cirrus as evidenced by detection of large particles (>20 µm dia.). 

There was no obvious diminishment of pernitric acid in these air masses but this data is 

limited and doesn’t allow for a robust conclusion. For this reason, we think cirrus cloud 

processing of HO2NO2 is still an open question especially since pernitric acid has been 

shown to efficiently stick to ice at low temperatures [Li et al., 1996].  



Overtone photolysis rates of HO2NO2 were estimated by calculating actinic fluxes 

using the SBDART (Santa Barbara DISORT Atmospheric Tranfer) model and cross 

sections and quantum yields from Roehl et al. [2002]. Calculations of both direct and 

diffuse fluxes were performed for typical INTEX conditions listed in Table 3. Note that 

sand was chosen as the surface to maximize the infrared albedo. A total photolysis rate of 8 

x 10-6 s-1 was calculated which compares favorably with the value of 8.3 x 10-6 s-1 derived 

by Roehl et al.,[2002] direct flux at the top of the atmosphere. These calculations support 

the estimated photolysis rate (10-5 s-1) used in the steady state analysis. Although the 

dominant overtone photolysis band, 2v1, for HO2NO2 overlaps a water transition (Rothman 

et al., 2005) which greatly attenuates the upward flux in this spectral range over clouds, 

snowpacks, and ocean. This indicates that the calculated photolysis rate is an upper limit 

and could be diminished by the presence of clouds. It is also worth noting that only one 

measurement [Roehl et al.,2002]of the quantum yields and cross section for the 2v1 band is 

available and should probably be confirmed.  

The error in the HO2NO2 calculations was investigated by using a time-dependent 

photochemical model to estimate the deviation from steady state. Figure 9 shows a 

temporal plot of HO2NO2 at 9 km, for typical INTEX_NA conditions, calculated using 



steady state and time-dependent methods. The time-dependent results are for the third day 

after a fresh injection of NOx into the upper atmosphere reflecting the relatively fresh air-

masses sampled during INTEX-NA [Fuelberg et al., Bertram et al. in this issue]. The 

shaded area in Figure 9 is the typical flight time from 8am to 5pm. The largest difference is 

in the morning where the steady state model over predicts HO2NO2 by ~50%. The 

disagreement diminishes through the day until there is a slight underestimation by the 

steady state model in the late afternoon. On average the steady state model over predicts the 

time-dependent results by 12%. At higher altitudes the disagreement between steady state 

and time-dependent calculations is less as HO2NO2 doesn’t undergo significant thermal 

decomposition through the night. Consequently, steady state methods seem to be valid for 

predicting HO2NO2 levels in the upper troposphere with less than a 50% inherent error bar.  

Clearly, the measured HO2NO2 and HOx are not consistent with our current 

understanding of photochemistry in the upper troposphere. A higher loss rate for pernitric 

acid would bring observations of HO2NO2 and HO2 into better agreement. Figure 10a 

presents the vertical profile of the needed HO2NO2 first order rate constant for the 

additional loss needed to bring observed HO2NO2 and HOx into accord. This additional loss 

rate generally increases with altitude with a maximum near 11 km. One potential 



mechanism that could account for the additional loss is photolysis via weak electronic 

transitions as discussed by Mathews et al., [2005]. Finally, we checked to see if the 

measured OH and the model predicted HO2/OH ratio are consistent with the observed 

HO2NO2. This was done with a steady state analysis using observed OH and HO2 derived 

from the predicted HOx ratio. The median altitude profile for this data is shown in Figure 

10b and shows excellent agreement with the observed profile. This data demonstrates that 

the observed HO2NO2 are primarily inconsistent with the observed HO2 ratio but not the 

observed OH levels.  

 

5. Summary 

Our understanding of HO2NO2 in the free troposphere is examined with the first 

direct in-situ observations from INTEX-NA 2004. Photochemical models and observed 

HOx levels can explain the HO2NO2 in the mid troposphere (4.5-8 km) where thermal 

decomposition is dominant. In the upper troposphere (8-12 km) there is a significant 

discrepancy between predicted and observed HOx and the HO2NO2 observations are more 

consistent with the model results. This discrepancy could be diminished if there is an 

unidentified loss process for HO2NO2 whose magnitude increases with altitude. This 



suggests that further laboratory studies of the chemistry of HO2NO2 may be warranted. 

These data also demonstrate the value of HO2NO2 observations as a valuable constraint on 

the radical cycling in the upper troposphere.  



 

 

 

 

Figure 1. Diagram of CIMS system integrated 
on DC-8. 

for INTEX-NA 2004. 



 

 

Figure 2 Raw ion signal obtained during flight. The upper panel is the 34SO2 signal and 
illustrates the periodic calibration to the labeled standard. The lower panel shows 
variation of ambient signal HO2NO2 signal. The shaded area in the lower panel is a 
background measurement period.  



Figure 3. Vertical distribution of 
the total lifetime of HO2NO2  
(x) and individual lifetimes with 
respect to thermal 
decomposition (triangles), 
photolysis (circles), and OH 
reaction (filled circles). 



 

 

Figure 4. Vertical distribution of 
observed HO2NO2 (x) and 
predictions based on model 
predicted (open circles) and 
observed (filled circles) HOx. 



  



 

  Figure 5. Scatters plots of mid troposphere (5.5-7.5km) HO2NO2 steady state 

calculations versus observed HO2NO2. The calculations are based on observed (upper 

panel) and model (lower panel) HOx.    



  

 Figure 6. Scatters plots of upper troposphere (8-12 km) HO2NO2 steady state 

calculations versus observed HO2NO2. The calculations are based on observed 

(upper panel) and model (lower panel) HOx. 



 

 

 Figure 7. Correlation plot between [HO2NO2]/[NO2] and [HO2]/[OH]( a) from 

observed HOx b) from box model HOx. 



 

 

 

Figure 8. Scatter plot of HO2NO2 and O3 in the altitude range of 8.5 to 9.5 km. Closed 

circles represent air primarily of tropospheric origin and open triangle represent air with 

significant stratospheric influence. Note the horizontal axis has a change in scale at 150 

ppbv of ozone. 



 

 Figure 9. Temporal plot of HO2NO2 calculated using time-dependent (filled circle 

with solid line) and steady state HO2NO2 (open circle with dashed line) models. 

Shaded time zone is a typical flight time during the INTEX-NA from 8am to 5pm. 



  

 Figure 10. a) Altitude profile of the first order rate constant for the additional loss of 

HO2NO2 derived from measured HOx. Vertical profile of observed ([HO2NO2]obs) 

and predicted ([HO2NO2]ss_Best Fit). The predicted HO2NO2 is derived from a steady 

state analysis using observed OH levels and the model predicted ratio of [HO2] to 

[OH].   



Table 1. Summary of how chemical species are treated in the time-dependent model. 

   

 

 

 

 

 

 

 

 

 

Category Species 

Constrained 
O3, CH4, CO, CH2O CH3OOH, H2O2, CH3C(O)CH3, 

H2O 

Steady state OH, HO2, CHO , O(1D), CH3O2, CH3C(O)O2 

Time dependent NO, NO2, HNO3, HO2NO2, PAN, NO3, N2O5 



Table 2. Vertical distribution of observed HO2NO2 from 
1 minute average data for INTEX-NA 2004  

 

 

 

 

Altitude(km) Median(pptv) Average(pptv) 1σ(pptv) 
4.25 8.0 12.3 15.9 
4.75 11.4 15.8 20.7 
5.25 13.4 31.3 62.7 
5.75 15.6 20.5 15.5 
6.25 20.4 25.6 18.4 
6.75 32.2 38.9 24.0 
7.25 53.7 59.2 32.4 
7.75 51.9 61.5 39.3 
8.25 78.2 77.5 39.6 
8.75 66.8 75.1 39.9 
9.25 67.8 75.8 41.4 
9.75 62.6 65.0 32.5 
10.25 63.0 66.1 29.7 
10.75 38.7 44.1 25.2 
11.25 34.1 41.0 23.8 
11.75 46.0 46.8 10.7 



Table 3. Parameters for actinic flux calculations using SBDART. 
 
Local time July 28th , Local 

noon 
Latitude 38oN 

Surface 
type 

Sand 

Atmosphere 
profile 

US 62 

Boundary 
layer type 

Rural 
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